Insects consume specific diets to obtain the necessary mixture of nutrients that are essential to fuel their survival, growth, and fecundity ([@CIT0003]). Proteins (p) and carbohydrates (c) are two significant macronutrients that provide the essential amino acids and energy, respectively, that influence their development, growth, and fecundity ([@CIT0018]; [@CIT0034]). Most animals need to ingest the optimal nutritional blend of protein and carbohydrate to reduce fitness costs. Recent literature has documented that some insects such as grasshoppers, crickets, ants, and various caterpillars, among others, are capable of regulating their intake of protein and carbohydrate independently when provided the opportunity ([@CIT0031], [@CIT0035], [@CIT0022], [@CIT0009], [@CIT0001], [@CIT0005]). The phytophagus ladybug beetle, *Henosepilachna vigintioctopunctata* (F.) (Coleoptera: Coccinellidae), typically feeds on Solanaceae plants such as black nightshade in the wild, but has adapted to many cultivated crops including tomato, potato, eggplant, etc. *H. vigintioctopunctata* is widespread throughout much of China ([@CIT0047], [@CIT0040], [@CIT0015]) and Japan ([@CIT0027], [@CIT0019], [@CIT0030]). The nutritional value of food plants varies considerably depending on the plant type, age, and growing conditions ([@CIT0004], [@CIT0002]). Because of this variability, it may be difficult for *H. vigintioctopunctata* beetles to continuously find and consume equally nutritious hosts. The consequences of such variation in host plant quality may be considerable to a beetle's growth, survival, and reproductive capability.

That insects may actively regulate their intake of nutrients was only confirmed when researchers began to use defined artificial diets ([@CIT0003]). Altering the nutrient composition of an artificial diet, either qualitatively and/or quantitatively, can often lead to a diet that is satisfactory to the target species, but understanding the precise interactions of the required ingredients remains a necessary to researchers. ([@CIT0029]). Presently, lab populations of *H. vigintioctopunctata* are raised almost exclusively on natural host plants ([@CIT0040]). This system of continually supplying host plant leaves as the diet for lab populations of *H. vigintioctopunctata* can be very cumbersome, both time- and labor-intensive, especially during the winter season when obtaining host plants may be difficult ([@CIT0012]). To date, however, attempts to develop artificial diets for *H. vigintioctopunctata* have not been successful. In 1979, [@CIT0020] tried unsuccessfully to substitute sliced potato tubers as an alternative food for rearing *H. vigintioctopunctata*. The developmental time of the larvae was twice that of individuals reared on tomato plant leaves, and only half-sized adults were obtained. [@CIT0026] and [@CIT0019] used different artificial diets to rear *H. vigintioctopunctata*. Both diets were successful in rearing third and fourth instar *H. vigintioctopunctata* larvae; the earlier instars, however, required tomato leaves to develop.

The aim at the present study was to elucidate the role of protein and carbohydrate ratios play in the development and growth of *H. vigintioctopunctata*. Using this information, we hope to develop a successful artificial diet for *H. vigintioctopunctata* larvae by altering the content and ratio of protein and carbohydrate. We used the two-sex life table method to evaluate the consequences of using different diets containing variable types of dietary protein and carbohydrates, we then assessed which protein: carbohydrate ratios were nutritionally favorable for optimal larval growth and development. Identifying the optimal p: c ratio would maximize *H. vigintioctopunctata* larval performance, producing a major impact on breeding *H. vigintioctopunctata* populations in the laboratory, and provide a basis for understanding *H. vigintioctopunctata* nutritional regulation.

Materials and Methods {#s1}
=====================

Insects and Diets {#s2}
-----------------

Ten pairs of *H. vigintioctopunctata* adults were collected from potato plants in Jingzhou city (Hubei, China, 30.05 N, 112.14 E) and were successively reared on their wild host plant, *Solanum nigrum*, in the laboratory at 25 ± 1°C, 75% ± 10% RH, 12L: 12D for one generation. The eggs used in this study were laid within a 24-h period and obtained from 20 pairs of randomly chosen *H. vigintioctopunctata* adults. They were then placed in an environmental chamber (GZX-400BS-III, Shanghai Xin-Miao Medical Equipment Manufacturing Co., Ltd., China) at 25 ± 1°C and 75% ± 10% RH, with a photoperiod of 16L: 8D and allowed to develop.

The mixed diet consisted of commercial, chemically defined food products, including casein, cholesterol, ascorbic acid, choline, chloride, myo-insoitol, locust bean gum, Wesson's salt, vitamin mix, cellulose, sucrose (Beijing Solarbio Science and Technology Co., Ltd., China), and yeast (Guangdong Huan Kai Microbial Technology Co., Ltd., China). The ingredients of artificial diet were weighed using an Ohaus balance (Model AX2242H/E). [Table 1](#T1){ref-type="table"} gives the amount and composition of protein and carbohydrate in each ingredient. Cellulose as indigestible carbohydrate cannot be digested by *H. vigintioctopunctata.* Both casein and yeast provided protein, yeast and sucrose provide carbohydrate for *H. vigintioctopunctata*. Each of the 11 treatment combinations contained equal amounts of all ingredients, other than the three variables: Casein, sucrose, and cellulose, so that the concentration of micronutrients was constant across all diets ([@CIT0028], [@CIT0044], [@CIT0021]).

###### 

The ratios and compositions of protein and carbohydrate in the ingredients used in the artificial diet

  Ratio     Total quality (g)   Yeast (g)   Casein (protein) (g)   Sucrose (carbohydrate) (g)   Cellulose (g)   Other (g)
  --------- ------------------- ----------- ---------------------- ---------------------------- --------------- -----------
  p35:c20   12.6725             2.0000      3.7050 (3.3345)        2.5673 (2.5160)              0.7276          3.6700
  p33:c20   12.6725             2.0000      3.4234 (3.0811)        2.5673 (2.5160)              1.0093          3.6700
  p29:c20   12.6725             2.0000      3.1419 (2.8277)        2.5673 (2.5160)              1.2908          3.6700
  p27:c20   12.6725             2.0000      2.8603 (2.5743)        2.5673 (2.5160)              1.5724          3.6700
  p20:c23   12.6725             2.0000      1.5933 (1.4340)        2.9552 (2.8961)              2.4515          3.6700
  p20:c25   12.6725             2.0000      1.5933 (1.4340)        3.2138 (3.1495)              2.1929          3.6700
  p20:c27   12.6725             2.0000      1.5933 (1.4340)        3.4723 (3.4029)              1.9344          3.6700
  p20:c29   12.6725             2.0000      1.5933 (1.4340)        3.7309 (3.6563)              1.6758          3.6700
  p22:c26   12.6725             2.0000      1.8749 (1.6874)        3.3430 (3.2762)              1.7821          3.6700
  p24:c24   12.6725             2.0000      2.1564 (1.9408)        3.0845 (3.0228)              1.7591          3.6700
  p26:c22   12.6725             2.0000      2.4380 (2.1942)        2.8259 (2.7694)              1.7361          3.6700

The total dry mass of artificial diet is 12.67 g. The total mass of yeast, casein, sucrose, and cellulose is 9 g. The values for dietary protein and carbohydrate are based on yeast containing 55% protein and 0.9% carbohydrate, and casein containing 90% protein, and sucrose containing 98% carbohydrate.

Experimental Design {#s3}
-------------------

We formulated 11 treatment combinations containing different ratios of dietary protein (p) and carbohydrate (c) ([Table 1](#T1){ref-type="table"}). We began by maintaining the concentration of carbohydrates, and then increasing the concentration of protein (p29:c20, p31:c20, p33:c20, and p35:c20). Next, we maintained the concentration of protein, and increased the level of carbohydrates (p20:c23, p20:c25, p20:c27, and p20:c29). Finally, we kept the total protein (p) and carbohydrate (c) amount (48% by dry mass) but changed the p:c ratios (p22:c26, p 24:c24, p26:c22). Identical amounts of artificial diet were added to plastic containers (27 cm length, 15 cm width) containing 32 litter box which was disinfected prior to usage, using 75% alcohol, and then exposed to UV light for 1 h to reduce microbial contamination. The newly hatched larvae were individually transferred to containers with one of the 11 food treatments. Each diet was replaced every 3 d, and the developmental data, survival rate, and pupal weight for all individuals were recorded daily until the emergence of adults.

Statistical Analysis {#s4}
--------------------

The raw life table data for *H. vigintioctopunctata* larvae reared on different ratios of protein and carbohydrate were analyzed using the age-stage, two-sex life table theory developed by [@CIT0008] and [@CIT0006]. The bootstrap technique ([@CIT0010], [@CIT0014]) with 100,000 resampling was used to calculate the standard errors of the larval and pupal developmental times and pupal masses. Data were analyzed using the computer program, TWOSEX-MSChart ([@CIT0007]) (available at: <http://140.120.197.173/Ecology/Download/TWOSEX-MSChart.rar>). The relationship between the age-specific survival rate (*lx*) which is the probability that a newly laid egg will survive to age *x* and the age-stage specific survival rate curves (*s*~*xj*~) which is the probability that a newly laid egg will survive to age *x* and stage *j* were calculated as:
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Where *k* is the number of stages.

Results {#s5}
=======

We recorded the developmental time and survival rate of *H*. *vigintioctopunctata* larvae reared on different protein: carbohydrate ratios when the carbohydrate level remained constant ([Table 2](#T2){ref-type="table"} and [Fig. 1](#F1){ref-type="fig"}). Although the lengths of the total larval stage (d) did not significantly differ in the four different protein levels, the pupal period reared on p35:c20 (5.47 d) was significantly shorter than that of the three other dietary ratios ([Table 2](#T2){ref-type="table"}). The pupal wet mass was the heaviest (19.5 mg) when larvae were fed on the p33:c20 diet, and the lightest (17.1 mg) when fed on the p31:c20 diet. The pupal mass when fed on diets p33:c20 (19.5 mg) and p29:c20 (18.5 mg) were both significantly higher than on diet p31:c20 ([Fig. 2](#F2){ref-type="fig"}). The age-stage-specific survival rate curves (s~*xj*~) ([Figs. 1](#F1){ref-type="fig"},[3](#F3){ref-type="fig"},[4](#F4){ref-type="fig"}) clearly show the stage differentiation and overlap of *H*. *vigintioctopunctata* larvae reared on the eleven diets with different p: c ratios. The highest s~*xj*~ of the L1, L2, and L3 instars were not significant difference among the four different protein levels. However, the mortality of L4 larvae fed on p29:c20 and p 31:c20 was significantly higher than on the p33:c20 and p35:c20 diets ([Fig. 1](#F1){ref-type="fig"}). The survival rates for larvae fed on diets p33:c20 (72%) and p35:c20 (68%) were significantly higher than those on the p29:c20 (31%) and p31:c20 (37%) diets ([Fig. 1](#F1){ref-type="fig"}).

###### 

The developmental time of *H*. *vigintioctopunctata* larvae and pupa reared on different diet by maintaining the concentration of carbohydrates, and then increasing the concentration of protein (p29:c20, p31:c20, p33:c20, and p35:c20)

  Stage                    The ratio of protein: carbohydrate                                            
  ------------------------ ------------------------------------ -------------------- ------------------- --------------------
  L1 (d)                   4.84 ± 0.10^*a,b*^                   4.74 ± 0.09^*b*^     5.02 ± 0.10^*a*^    4.96 ± 0.08^*a,b*^
  L2 (d)                   3.58 ± 0.08^*b*^                     3.82 ± 0.12^*a,b*^   3.80 ± 0.06^*a*^    3.55 ± 0.07^*b*^
  L3 (d)                   5.21 ± 0.14^*a*^                     4.68 ± 0.15^*b*^     5.06 ± 0.09^*a*^    5.00 ± 0.13^*a,b*^
  L4 (d)                   10.56 ± 0.41^*a*^                    10.07 ± 0.37^*a*^    9.11 ± 0.11^*b*^    9.10 ± 0.14^*b*^
  Pupa (d)                 7.12 ± 0.16^*a*^                     6.28 ± 0.10^*b*^     6.08 ± 0.10^*b*^    5.47 ± 0.12^*c*^
  Total larval stage (d)   23.75 ± 0.67^*a*^                    23.19 ± 0.46^*a*^    22.95 ± 0.22^*a*^   22.61 ± 0.27^*a*^

Values are means ± standard errors. Standard errors were evaluated using the bootstrap procedure with 100,000 resampling and different letters in the same row indicated significantly different (*P* \< 0.05) between the ratio of p:c using the paired bootstrap test. (L1, the first instar; L2, the second instar, L3, the third instar, L4, the fourth instar.)

![Age-stage-specific survival rate (*s*~*xj*~) of *H. vigintioctopunctata* larvae reared on diet with different protein: carbohydrate ratios by maintaining the concentration of carbohydrates, and then increasing the concentration of protein (p29:c20, p31:c20, p33:c20 and p35:c20).](iey06701){#F1}

![Age-stage-specific survival rate (*s*~*xj*~) of *H. vigintioctopunctata* reared on diet with different protein: carbohydrate ratios by maintaining the concentration of protein and then increasing the level of carbohydrates (p20:c23, p20:c25, p20:c27 and p20:c29).](iey06702){#F2}

![Age-stage-specific survival rate (*s*~*xj*~) of *H. vigintioctopunctata* reared on diet with different ratio of protein and carbohydrate by keeping the total protein (p) and carbohydrate (c) amount (48% by dry mass) but changed the p:c ratios (p22:c26, p 24:c24 and p26:c22).](iey06703){#F3}

![The means of pupal mass of H. vigintioctopunctata reared on different diet by maintaining the concentration of carbohydrates, and then increasing the concentration of protein (p29:c20, p31:c20, p33:c20 and p35:c20)](iey06704){#F4}

The number of *H*. *vigintioctopunctata* larvae surviving to the fourth instar was significantly decreased with increases in carbohydrate concentration ([Fig. 3](#F3){ref-type="fig"}). The developmental times of L1 and L2 reared on p20:c23 were significantly faster than those on p20:c25, p20:c27, and p20:c29 ([Table 3](#T3){ref-type="table"}). *H*. *vigintioctopunctata* larvae could successfully develop to the pupal stage when fed on the p20:c23 diet, but the highest pupal *s*~*xj*~ was 9.3%. The highest *s*~*xj*~ values for L4 reared on the p20:c25 and p20:c27 diets were 4.6% and 10.3%, respectively. The larvae fed on the p20:c29 diet only survived to the third instar.

###### 

The developmental time of *H*. *vigintioctopunctata* larva reared on different diet by maintaining the concentration of protein and then increasing the level of carbohydrates

  Stage    The ratio of protein: carbohydrate                                           
  -------- ------------------------------------ ------------------ -------------------- ------------------
  L1 (d)   4.83 ± 0.06^*b*^                     6.11 ± 0.12^*a*^   5.83 ± 0.08^*a*^     5.90 ± 0.20^*a*^
  L2 (d)   4.38 ± 0.14^*a*^                     5.58 ± 0.43^*b*^   5.67 ± 0.28^*b*^     7.17 ± 0.42^*c*^
  L3 (d)   5.42 ± 0.27^*b*^                     7.00 ± 0.71^*a*^   5.60 ± 0.35^*a,b*^   －
  L4 (d)   9.8 ± 0.52                           －                 －                   －

Values are means ± standard errors. Standard errors were evaluated using the bootstrap procedure with 100,000 resampling and different letters in the same row indicated significantly different (*P* \< 0.05) between the ratio of p:c using the paired bootstrap test. '－' means the *H. vigintioctopunctata* cannot finish this stage. (L1, the first instar; L2, the second instar, L3, the third instar, L4, the fourth instar.).

When the total protein (p) and carbohydrate (c) amounts (48% by dry mass) were kept the same but differed in their p:c ratios (22:c26, p 24:c24, p26:c22), the *H*. *vigintioctopunctata* larvae reared on the p26:c22 and p24: p24 diets were able to complete the entire larval stage; those fed on diet p22: c26, however, were only able to develop to L4 ([Fig. 4](#F4){ref-type="fig"}). The developmental periods of L2 and L3 reared on the p26:c20 diet were both significantly shorter than on diet p24:c24 ([Table 4](#T4){ref-type="table"}).

###### 

The developmental time of *H*. *vigintioctopunctata* larva reared on different ratio of protein: carbohydrate levels by keeping the total protein (p) and carbohydrate (c) amount (48% by dry mass) but changed the p:c ratios

  Stage    The ratio of protein: carbohydrate                      
  -------- ------------------------------------ ------------------ --------------------
  L1 (d)   4.70 ± 0.07^*b*^                     3.10 ± 0.07^*c*^   5.20 ± 0.07^*a*^
  L2 (d)   4.12 ± 0.07^*c*^                     6.00 ± 0.18^*a*^   4.39 ± 0.11^*b*^
  L3 (d)   5.65 ± 0.19^*b*^                     6.65 ± 0.25^*a*^   6.00 ± 0.30^*a,b*^
  L4 (d)   11.94 ± 0.41                         －                 －

Values are means ± standard errors. Standard errors were evaluated using the bootstrap procedure with 100,000 resampling, and different letters in the same row indicated significantly different (*P* \< 0.05) between the ratio of p:c using the paired bootstrap test. '－' means the *H. vigintioctopunctata* cannot finish this stage.

Discussion {#s6}
==========

In this study, we used the life table approach to analyze the effects that two key macronutrients have on larval performance, and to obtain the optimal p:c ratio for *H. vigintioctopunctata*. Life tables, as one of the basic research tools for population ecology studies, are often used to determine the survival, development and reproductive capabilities of a population cohort when exposed to different treatment variables such as cultivars, temperature, humidity, etc. ([@CIT0025], [@CIT0016], [@CIT0013], [@CIT0046], [@CIT0023], [@CIT0045]).

Our results showed that the relationship between larvae performance and dietary protein/carbohydrate ratios was closely related. Clearly, altering the availability of quality diet can affect the performance of *H. vigintioctopunctata* larvae. Dietary carbohydrate levels, comparing with the total protein levels, seldom exerted a vital effect on survival, growth, and pupal weight. When the protein content was kept constant and the proportion of carbohydrates was gradually increased, the developmental duration of *H. vigintioctopunctata* larvae was significantly affected to the extent that they were unable to complete their development in the larval stage ([Table 3](#T3){ref-type="table"} and [Fig. 3](#F3){ref-type="fig"}). However, *H. vigintioctopunctata* larvae were not only able to complete their development, but the developmental period was shortened when the carbohydrate content was kept constant as the protein content percentage was increased ([Table 2](#T2){ref-type="table"} and [Fig. 1](#F1){ref-type="fig"}). The data demonstrated that protein deficits are more detrimental to *H. vigintioctopunctata* larval survival than carbohydrate deficits. This agrees with several previous reports from [@CIT0035], Thompson and [@CIT0038] and [@CIT0043] in grasshoppers, caterpillars, and aphids, respectively. However, because omnivores and herbivores regulate protein intake more intensely than they do carbohydrate, it is inevitable that they are more susceptible to insufficient protein quantities when fed on low p:c ratios ([@CIT0032]).

During each animal's developmental stage, various tissues require a specific quantity and blend of nutrients ([@CIT0031]). This requirement is applicable to insects as well, where the function and effect of protein and carbohydrate will vary depending on the insect's development, growth, and fecundity. It also can vary dramatically depending on the stage and sex where the demands made by larvae, and adult females and males for protein and carbohydrate are very different ([@CIT0017]). An adult female insect cannot maximize both longevity and egg production rate on a single diet ([@CIT0033]). The lifespan of both male and female insect are maximized on a high-carbohydrate low-protein diet. However, comparing the blend of nutrition necessary to maximized a female's lifespan, with the, blend needed to achieve the optimal female reproductive performance will often produce two ratios that are considerably different ([@CIT0022], [@CIT0024], [@CIT0011]). There is a sexual difference in the trade-off between lifespan and reproduction in females and males; the females require high levels of protein for reproduction ([@CIT0042]) while males require low-protein, high-lipid diets to build energy reserves to support them in their search for females ([@CIT0036]).

Although proteins are very important resources for promoting host resistance and producing immunological components to resist infections by pathogens ([@CIT0041], [@CIT0039], [@CIT0021]), subsisting on pure or higher than optimal level of protein, inevitably results in adversely affecting an insect's growth and development and inducing a fitness cost ([@CIT0043], [@CIT0005]). Although there was no significant difference between dietary p33:20 and p35:20 in larval survival rate and pupal mass, the survival rate (72%) and pupal mass (19.5 mg) of insects reared on dietary p33:c20 was higher than the survival rate (68%) and pupal mass (18.4 mg) for those reared on dietary p35:c20. These data suggest that the optimal p:c ratio for maximizing *H. vigintioctopunctata* larval performance is 33:20.

In addition, the present study found that females that were emerged from the experimental pupae were unable to produce offspring when fed on any of the artificial diets, regardless of the protein: carbohydrate ratio. This would may be that the protein and carbohydrate requirements differ considerably between the larvae and adults. Both larvae and adults of *H. vigintioctopunctata* feed on leaves of Solanaceae plants. *H. vigintioctopunctata* larvae have little, if any, opportunity to alter their diet by choosing between different host plants, so the beetle larvae are forced to feed within a relatively narrow p:c range. However, the situation is remarkably different for *H. vigintioctopunctata* adults, where the adults have the ability to manage imbalances by compensatory food selection. [@CIT0040] and [@CIT0047] reported that the survival rate of *H. vigintioctopunctata* larvae was significantly higher on eggplant than it was on *S. nigrum*, while the fecundity of adults on eggplant was significantly lower than on *S. nigrum*. Their results indicate that, based on the reduced survival rates, the larvae were considerably less adapted on *S. nigrum*, than were the adults, where their fecundity was increased.

In conclusion, breeding *H. vigintioctopunctata* larvae using artificial diet was successful. Although the total length of the larval stage (22.95 d) when reared on the p33:c20 diet was longer than when reared on *S. nigrum* (14.14 d) ([@CIT0040]), the highest *s*~*xj*~ for *H. vigintioctopunctata* larvae was 72% when feed on the p33:c20 diet which was much closer to the natural host plant, *S. nigrum* (72.5%) ([@CIT0040]) and 75% ([@CIT0015]). The reason for the prolonged larval period but approximately normal survival rate when compared to the host plant may be due to insufficient micronutrients such as cholesterol in the artificial diet ([@CIT0037]). Our findings are a substantial improvement over previous attempts to rear *H. vigintioctopunctata* on blended artificial diets (see: [@CIT0020], [@CIT0026] and [@CIT0019]). Although we were successfully in rearing *H. vigintioctopunctata* larvae, the artificial diet we used was not appropriate for rearing the adults because of their inability to produce offspring. Further refinements are needed in the breeding method, and additional studies will also be needed to determine the ideal nutrient ratio to formulate a successful artificial diet for the *H. vigintioctopunctata* adult.

We thank Prof. Dr. Hsin Chi for providing the Two-Sex life table program and his inspirational lectures. We are grateful to the reviewers and the editor for their valuable comments and suggestions, all of which have greatly helped us in improving this manuscript. This research was supported by the National Natural Science Foundation of China (No. 31572010).
